We report a new progress in elucidating the mechanism of the unidirectional movement of a linear-motor protein ͑e.g., myosin͒ along a filament ͑e.g., F-actin͒. The basic concept emphasized here is that a potential field is entropically formed for the protein on the filament immersed in solvent due to the effect of the translational displacement of solvent molecules. The entropic potential field is strongly dependent on geometric features of the protein and the filament, their overall shapes as well as details of the polyatomic structures. The features and the corresponding field are judiciously adjusted by the binding of adenosine triphosphate ͑ATP͒ to the protein, hydrolysis of ATP into adenosine diphosphate ͑ADP͒ + Pi, and release of Pi and ADP. As the first step, we propose the following physical picture: The potential field formed along the filament for the protein without the binding of ATP or ADP+ Pi to it is largely different from that for the protein with the binding, and the directed movement is realized by repeated switches from one of the fields to the other. To illustrate the picture, we analyze the spatial distribution of the entropic potential between a large solute and a large body using the three-dimensional integral equation theory. The solute is modeled as a large hard sphere. Two model filaments are considered as the body: model 1 is a set of one-dimensionally connected large hard spheres and model 2 is a double helical structure formed by two sets of connected large hard spheres. The solute and the filament are immersed in small hard spheres forming the solvent. The major findings are as follows. The solute is strongly confined within a narrow space in contact with the filament. Within the space there are locations with sharply deep local potential minima along the filament, and the distance between two adjacent locations is equal to the diameter of the large spheres constituting the filament. The potential minima form a ringlike domain in model 1 while they form a pointlike one in model 2. We then examine the effects of geometric features of the solute on the amplitudes and asymmetry of the entropic potential field acting on the solute along the filament. A large aspherical solute with a cleft near the solute-filament interface, which mimics the myosin motor domain, is considered in the examination. Thus, the two fields in our physical picture described above are qualitatively reproduced. The factors to be taken into account in further studies are also discussed.
I. INTRODUCTION
Modern biology has shown that the so-called motor proteins play crucially important roles in a number of biological, motile processes. Both rotatory-and linear-motor proteins are known to exist. The latter is considered in the present article. Three different families of linear-motor proteins have been identified and well studied at the single-molecule level: kinesins, 1 dyneins, 2 and myosins. 3 The linear-motor proteins share the following common features: They move in one direction along the filaments, similar in function to railway tracks, which possess periodic structures. They repeat the biochemical cycle comprising the binding of adenosine triphosphate ͑ATP͒ to the motor domain ͑i.e., the head͒ of the protein, hydrolysis of ATP into adenosine diphosphate ͑ADP͒ + Pi, and release of Pi and ADP. [4] [5] [6] [7] [8] Many of them have two-headed structures. However, it has been found that even a single-headed kinesin 9 or a single myosin head, 8, 10, 4, 11, 12 ͓i.e., myosin subfragment 1 ͑S1͔͒ exhibits the unidirectional movement. Hence, the two-headed structures are not essential in the unidirectional movement, and the fundamental physics can be extracted by means of studies for a single linear-motor protein head. Although the mechanism of the unidirectional movement has been investigated extensively, it still remains rather mysterious. A commonly accepted hypothesis is the lever-arm model. 13 Models based on a biased Brownian motion in a potential field formed for the protein have also been described. 8, 10, 4, 11, 12, [14] [15] [16] There is an interesting study 17 arguing that the Brownian motion is spa-tially asymmetrical for a mesoscopic particle embedded in a fluid if the particle is not in equilibrium with the fluid and its shape is nonspherical. In the present article, we are concerned with a physical origin of the potential field for the biased Brownian motion. A typical example of the linear-motor proteins is myosin moving along filamentous actin ͑F-actin͒. F-actin possesses a double helical structure formed by two sets of connected G-actin molecules. 18, 19 On the basis of the results of experimental studies, [4] [5] [6] [7] [8] it is inferred that the following cycle is repeated: ͑1͒ Myosin ͑a head of myosin͒ is strongly bound to a rigor binding site of F-actin in the absence of the ATP or ADP binding to myosin; ͑2͒ upon the ATP binding to myosin, myosin is only weakly bound to F-actin, and the directed movement of myosin occurs by a biased Brownian motion; ͑3͒ the hydrolysis of ATP into ADP+ Pi occurs in the course of the Brownian motion; ͑4͒ after the release of Pi, myosin is bound to another rigor binding site of F-actin moderately strongly; ͑5͒ the binding becomes strong after the release of ADP. It has been argued that the electrostatic attractive interaction plays an essential role in the rigor binding of myosin to F-actin. 16, 20 However, this argument conflicts with the experimental data that the binding of myosin to F-actin accompanies positive changes in entropy and enthalpy [21] [22] [23] ͑i.e., the binding is entropically driven͒. In our opinion, the direct interaction ͑or the screened electrostatic interaction͒ between myosin and F-actin has been treated as the dominant factor while the roles of water have caught much less attention. Here we suggest a completely different concept that the unidirectional movement of the linear-motor proteins is controlled primarily by the entropic effect originating from the translational displacement of water molecules.
The entropic excluded-volume effect plays critical roles in biological systems. [24] [25] [26] Many biological processes are controlled by the interactions between macromolecules and by those of macromolecules with macromolecular complexes. The macromolecules and complexes generate excluded volumes for smaller particles forming the solvent ͑i.e., volumes of the spaces which the centers of solvent particles cannot enter͒. When the macromolecules approach each other, for instance, the excluded volumes overlap, leading to an increase in the total volume available to the translational displacement of solvent particles. That is, the number of accessible configurations of the solvent that coexist with the macromolecules in the system increases and a corresponding entropy gain occurs. Thus, an attractive force is induced between macromolecules at small separations. 27, 28 The entropic forces are largely influenced by the overall shape of macromolecules and macromolecular complexes as well as their detailed polyatomic structures. It should be emphasized that the entropic effect is omnipresent.
We believe that the most important concept relevant to the behavior of a linear-motor protein is the following: For a large sphere on a wall, geometric features of the wall induce entropic force ͑or potential͒ acting on the large sphere in a specific direction along the wall. 24, 25, [29] [30] [31] For example, the large sphere is locally repelled from a step edge, 32 attracted to a corner, and moved from a convex surface to a concave one ͑see Fig. 1͒ . Further, it is difficult for the large sphere to get well separated from the wall. To elucidate the concept, theoretical studies dealing with large bodies with simple geometries immersed in small particles have been reported in literature. 24, 25, [29] [30] [31] In these studies, the hard-body models are employed for the large bodies and small particles. In the hard-body models, all the accessible system configurations share the same energy, and the system behavior is purely entropic in origin: They allow us to investigate the entropic effect exclusively. In biological systems, the solvent is water characterized by hydrogen bonds. However, in the entropic gain upon the solute contact and related processes, the translational entropy predominates over the rotational entropy. 25, 26, [33] [34] [35] The basic physics of the entropic effect considered here can be captured by modeling water as hard spheres in many cases, as long as the diameter and number density are set at the values of water. 25, 26 We note that due to the hydrogen-bonding water can exist as a dense liquid despite its quite a small molecular size, leading to an exceptionally large entropic effect.
A problem revealed by earlier works 24, 25, [29] [30] [31] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] is the following. The effect of the density structure of small spheres near the big bodies is essential, making the entropic interaction rather complicated. Between large spheres, for example, the induced interaction exhibits a great variation with the period which is close to the diameter of small spheres, and attractive and repulsive regions appear alternately. The details of the entropic effect are strongly dependent on geometric characteristics of the particular system considered. 24, 29, 30, 47 These properties cannot be reproduced by the simple Asakura-Oosawa theory, 27, 28 which gives only a much shorter-ranged, monotonically changing attractive force. Thus, it is challenging to investigate the entropic effect for a new system using an elaborate statistical-mechanical theory.
In the conventional view, 48 only the water in the close vicinity of the solute surface is considered, and the waterentropy effect is argued primarily in terms of the solutewater orientational correlation, changed hydrogen-bonding network of water, and restriction of the rotational freedom of water molecules. We emphasize that the water-entropy effect The large sphere tends to be moved so that the overlap of the excluded volumes marked in black can increase. The large sphere is locally repelled from a step edge ͑a͒, attracted to a corner ͑b͒, and moved from a convex surface to a concave one ͑c͒. If the large sphere is well separated from the wall, there is no overlap of the excluded volumes, which is entropically unfavorable for the solvent.
considered in the present study, which reaches a far larger length scale, 25, 26, 34, 49 is substantially different from the conventionally argued one and much larger. 34 We have a new physical picture of the unidirectional movement of a linear-motor protein along a filament. A potential field is formed for the protein on the filament due to the water-entropy effect. The entropic potential field is strongly dependent on geometric features of the protein and the filament, their overall shapes as well as details of the polyatomic structures. The features and the corresponding field are judiciously adjusted by the binding of ATP to the protein, hydrolysis of ATP into ADP+ Pi, and release of Pi and ADP. Although the picture should be somewhat complicated in its details, in the present article we propose the following outline as the first step: The potential field formed along the filament for the protein without the binding of ATP or ADP+ Pi to it is largely different from that for the protein with the binding, and the directed movement is realized by repeated switches from one of the fields to the other. To illustrate it, we report the results of theoretical analyses performed for actomyosin ͑i.e., myosin and F-actin͒ as a typical example. A single myosin head ͑S1͒ is considered. The spatial distribution of the entropic potential between a large solute and a large body is calculated using the threedimensional ͑3D͒ integral equation theory. 24, 30, 44, 47, [50] [51] [52] The solute is modeled as a large hard sphere. Two model filaments are considered as the body: Model 1 is a set of onedimensionally connected large hard spheres and model 2 is a double helical structure formed by two sets of connected large hard spheres. The solute and the filament are immersed in small hard spheres forming the solvent. It is found that the solute is strongly confined within a narrow space in contact with the filament. Within the space there are locations with sharply deep local potential minima along the filament. The distance between two adjacent locations is equal to the diameter of the large spheres constituting the filament. The results from models 1 and 2 are compared to discuss the role of the double helical structure. Further, by considering a large aspherical solute with a cleft near the solute-filament interface, we show that geometric features of the solute have large effects on the amplitudes and asymmetry of the entropic potential field acting on the solute along the filament.
In the present study, we concentrate on the entropic component of the solvation of solutes. Further, in our model the effects due to the specific protein-water interactions ͑e.g., electrostatic and van der Waals interactions͒ are not taken into account. It should be noted, however, that the entropic potential field is much more influenced by geometric characteristics of the proteins as shown in our earlier works. 25, 26, 53 By "geometric characteristics" we mean overall shapes as well as polyatomic structures. We investigate the effects of overall shapes as the first step. Those of polyatomic structures including their flexibility are to be examined in a future work.
The rest of the present article is organized as follows. The preliminary physical picture of the unidirectional movement of myosin along F-actin is described in Sec. II. As a matter of fact, the picture has been developed on the basis of not only the experimentally available information but also the results of our theoretical calculations presented in Sec. IV. However, we believe that it is more appealing to describe the picture first. In Sec. II, the behavior of myosin expected from the picture is compared with the experimental result by single-molecular measurements for S1. 8, 10, 4, 11, 12 The model and theory employed are explained in Sec. III. We examine the calculation results from the two different models of the filament in Sec. IV. The effects of geometric features of the large solute are also argued in the light of the results of further model calculations. The basic characteristics of the two different potential fields in our physical picture are qualitatively reproduced. Section V concludes the article with final discussion and summary.
II. PHYSICAL PICTURE FOR MECHANISM OF UNIDIRECTIONAL MOVEMENT OF MYOSIN ALONG F-ACTIN

A. Summary of experimental observations
Clues to the mechanism of the unidirectional movement of myosin ͑S1͒ along F-actin are in the following experimental observations. If there is no ATP in aqueous solution, myosin keeps binding to a rigor binding site of F-actin and does not move. [54] [55] [56] In the presence of ATP, the cycle illustrated in Fig. 2 is repeated:
4-8 the binding of ATP to myosin, hydrolysis of ATP into ADP+ Pi, release of Pi, and release of ADP. In each cycle comprising the four changes, the system free energy is lowered by the free-energy change arising from the hydrolysis of ATP in aqueous solution, state 1 → state 5. Geometric features ͑i.e., overall shape and details of the polyatomic structure͒ of myosin without the ATP or ADP + Pi binding to it in states 1, 4, and 5 are largely different from those of myosin with the binding in states 2 and 3. [4] [5] [6] [7] [8] Myosin becomes only weakly bound to F-actin upon the ATP binding, 22, 23 allowing a biased Brownian motion. The motion continues until myosin is bound to another rigor binding site after the release of Pi. During the motion, myosin steps back and forth stochastically along F-actin. According to the experimental result by single-molecular measurements for S1, 8, 10, 4, 11, 12 the typical step size is ϳ5.3 nm that is almost equal to the size of G-actin, 5.5 nm. In one cycle mentioned above, myosin makes a movement consisting of 1-5 steps ͑1 step with the highest probability and ϳ2.5 steps on the average͒. In one cycle myosin moves by the distance which lies in the range from 5 to 30 nm. Last, it is worthwhile to emphasize that the binding of myosin to F-actin is entropically driven.
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B. Two principal entropic potential curves
The outline of our physical picture, which is based on the experimental observations and on the results of our theoretical calculations presented in Sec. IV, is illustrated in Fig.  3 . We concentrate on the entropic effect originating from the translational displacement of water molecules. Myosin, which is entropically confined within a narrow space in contact with F-actin, feels the entropic potential field along F-actin. Since the structure of F-actin is periodic, the field is also periodic. The field is strongly dependent on geometric features of myosin, and it exhibits a large change upon the ATP binding to myosin. The fields felt by myosin without the ATP or ADP+ Pi binding to it and by myosin with the binding correspond to curve 1 drawn in black and to curve 2 drawn in red, respectively. The two oscillatory curves should be fairly complicated, but they are simplified in the illustration. The most important feature required for curve 1 is that it has locations with sharply deep potential minima corresponding to the rigor binding sites of F-actin. It is not essential whether curve 1 is asymmetrical or not for each period. Since at least one of the curves should be asymmetrical, curve 2 is asymmetrical if curve 1 is assumed to be symmetrical as shown in Fig. 3 . The amplitudes of curve 2 are considerably smaller than those of curve 1. In both curves 1 and 2, the distance between two adjacent local potential minima is equal to the size of G-actin, 5.5 nm.
In our picture, the unidirectional movement of myosin along F-actin is reached by the following three principal steps:
͑I͒
Myosin without the ATP or ADP ͑i.e., nucleotide͒ binding to it is highly stabilized on a location with the sharply deep local potential minimum of curve 1 ͓see ͑a͒ in Fig. 3͔ : Myosin can hardly move. ͑II͒ The geometric features of myosin are changed by the ATP binding, which leads to the change in the potential field from curve 1 to curve 2. Myosin is no more stabilized on the location in step I ͓see ͑b͔͒. Along the negative slope of curve 2 ͓͑b͒ → ͑c͔͒, myosin moves to a new location with the local potential minimum ͓see ͑c͔͒. ͑III͒ The hydrolysis of ATP and the release of Pi occur. The original geometric features of myosin are recovered and the potential field returns to curve 1. Myosin is no more stabilized on the location in step II ͓see ͑d͔͒. Along the negative slope of curve 1 ͓͑d͒ → ͑e͔͒, myosin moves to the nearest location with the deep local potential minimum ͓see ͑e͔͒. ͑The release of ADP occurs before the ATP binding to myosin.͒ Myosin tends to be trapped on a location with the local potential minimum of curve 2. However, sufficiently small amplitudes of curve 2 allow a biased Brownian motion of myosin, and it sometimes exhibits different movements: It moves backward ͓͑b͒ → ͑f͒ → ͑g͔͒, it moves forward to a farther location with the local potential minimum ͓e.g., ͑b͒ → ͑c͒ → ͑h͒ → ͑i͔͒, or it makes essentially no movement ͓͑b͒ → ͑j͒ → ͑a͔͒. The most probable route should be ͑a͒ → ͑b͒ → ͑c͒ → ͑d͒ → ͑e͒. Thus, the unidirectional movement of myosin is certainly realized. However, myosin appears to move only by 5.5 nm on the average in one cycle. This behavior is not quite consistent with the experimental result that in one cycle myosin moves by the distance which lies in the range from 5 to 30 nm. 8, 10, 4, 11, 12 The consistency is obtained if, for example, a component such as −ax ͑x is the distance along F-actin and a Ͼ 0 is the slope͒ is added to curve 2. Such a component could effectively be incorporated by accounting for the details neglected in the present picture as discussed in Sec. II C.
Aqueous solution consisting of water molecules, ATP, Pi, and ADP is referred to as the solvent. As explained in Sec. III B, an entropic potential of curve 1 represents "the free energy of the solvent in the case where myosin without the ATP or ADP+ Pi binding is on a location of F-actin" relative to "the free energy of the solvent in the case where myosin without the ATP or ADP+ Pi binding is infinitely separated from F-actin." Likewise, an entropic potential of curve 2 represents "the free energy of the solvent in the case where myosin with the ATP or ADP+ Pi binding is on a location of F-actin" relative to "the free energy of the solvent in the case where myosin with the ATP or ADP+ Pi binding is infinitely separated from F-actin." We emphasize that curves 1 and 2 have different reference values of the solvent free energy: The reference value in curve 2 is lower than that in curve 1 by the free-energy change upon the ATP or ADP+ Pi binding to myosin whose absolute value should be larger than "the entropic potential at ͑b͒" minus "the entropic potential at ͑a͒." Therefore, the actual free energy of the solvent decreases upon the ATP binding to myosin. Further, the free energy of the solvent exhibits small but significant decreases in each of the succeeding changes illustrated in Fig. 2 : It is in the order state 2 Ͼ state 3 Ͼ state 4 Ͼ state 5. It follows that the reference value of the solvent free energy continues to decrease. Thus, the curve of the actual free energy of the solvent continues to exhibit a parallel, downward shift. When myosin moves from ͑a͒ to another location such as ͑e͒, ͑g͒, or ͑i͒ in one cycle, the system free energy is lowered by the free-energy change arising from the hydrolysis of ATP in aqueous solution, state 1 → state 5. However, the unidirectional movement is not influenced by the changes in the reference value of the solvent free energy because it is governed by the derivative of the potential curve with respect to x multiplied by Ϫ1 ͑i.e., the entropic force in the x-direction͒.
C. Further discussion
As mentioned in Sec. II B, the behavior of myosin in the physical picture is not quite consistent with the experimental result that in one cycle myosin can move by the distance which is substantially longer than 5.5 nm. 8, 10, 4, 11, 12 This problem could be solved if we consider that geometric features of myosin and the potential curve undergo small but significant changes as the hydrolysis of ATP proceeds ͑state 2 → state 3͒ and upon the release of ADP ͑state 4 → state 5͒. In a strict sense, myosin with the ATP binding in state 2, myosin with the ADP+ Pi binding in state 3, and myosin with the ADP binding in state 4 are more or less different from one another in terms of geometric features 5, 6, 57, 58 and the potential field felt by myosin. It follows that at least four curves should be considered. Moreover, any change from one curve to the next one occurs not abruptly but gradually. There is one more factor which can be substantial: Geometric features of the portion of F-actin near myosin are different from those of the rest and variable during each cycle. 59 The biased Brownian motion is described by the entropic force ͑i.e., the derivative of the entropic potential with respect to x multiplied by Ϫ1͒. When the force is positive, myosin is driven to move in the positive direction along the x-axis. Myosin can move by the distance which is substantially longer than 5.5 nm if the following is satisfied: As myosin moves via the biased Brownian motion, the entropic force acting on myosin exhibits an upward shift ͑i.e., a shift in the positive direction͒. Thus, the change in geometric features of myosin and the portion of F-actin near myosin, shift of the entropic force, and movement of myosin are strongly coupled. This view seems to be similar to that proposed by Terada et al. 15 although their physical interpretation is different from ours emphasizing the water-entropy effect.
The outline of the unidirectional movement can be described by the physical picture illustrated in Fig. 3 , pending further analyses accounting for the details discussed above which enhance the unidirectional property of the movement ͑i.e., which expands the distance by which myosin can move on the average in one cycle͒. The directed movement is realized by repeated switches from one of the potential fields to the other. Similar pictures 8, 10, 4, 11, 12, [14] [15] [16] have already been suggested. However, in some of them, the potential curves are drawn simply as the input and their physical origins are rather ambiguous. In the others, the physical explanations on the curves are given but they are not relevant to the waterentropy effect considered here. In the present work, the basic characteristics of the curves are qualitatively reproduced using an elaborate statistical-mechanical method with a firm physical basis emphasizing the water-entropy effect. ͑In Sec. IV C, we argue how the change from curve 1 to curve 2 is provided by the water-entropy effect.͒ Our picture is thus different from the previously suggested models. The picture is consistent with the experimental evidence that the binding of myosin to F-actin is entropically driven.
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III. MODEL AND THEORY
A. Model
We start with simple models accounting for only overall shapes of the protein and the filament as their geometric features. Our major concern is to analyze the spatial distribution of the entropic potential between a large solute and a large body immersed in small spheres with diameter d S forming the solvent. ATP, Pi, and ADP are not considered because their concentrations are significantly small. The solute and the body correspond to a head of myosin and F-actin, respectively. The solute is modeled as a large hard sphere with diameter d B . ͑We also consider large, aspherical solutes to examine the effects of geometric features of the solute: see Sec. IV C for more details.͒ As the body two model filaments are considered, model 1 is a set of one-dimensionally connected large hard spheres ͑i.e., unit spheres͒ with diameter d G ͓Fig. 4͑a͔͒ and model 2 is a double helical structure formed by two sets of connected large hard spheres with diameter d G ͓Fig. 4͑b͔͒. The numbers of the unit spheres are 10 and 20 in models 1 and 2, respectively. The unit sphere corresponds to G-actin. Model 2 is more realistic than model 1 as a simplified model of F-actin. The neighboring unit spheres are in contact with one another, and there are no overlaps. In the present study, d B and d G are set at 5d S . Setting d B and d G at realistically large values ͑ϳ20d S ͒ ͑Refs. 18, 19, and 60͒ gives rise to unacceptably large computerstorage requirements. However, the qualitative aspects of our physical picture of the unidirectional movement are not likely to be altered because 5d S is large enough to provide useful information on the entropic potential as evidenced in earlier works. 24 36, 44, 47 On the other hand, the bridge function is neglected in the HNC closure equation. However, it has been verified that the 3D-OZ-HNC theory gives quantitatively reliable results. 24, 29, 30 The numerical procedure is briefly summarized as follows: ͑1͒ u iS ͑x , y , z͒ is calculated at each 3D grid point, ͑2͒ w iS ͑x , y , z͒ is initialized to zero, ͑3͒ c iS ͑x , y , z͒ is calculated from Eq. ͑2͒, and c iS ͑x , y , z͒ is transformed to C iS ͑k x , k y , k z ͒ using the 3D fast Fourier transform ͑3D-FFT͒, ͑4͒ W iS ͑k x , k y , k z ͒ is calculated from Eq. ͑1͒, and W iS ͑k x , k y , k z ͒ is inverted to w iS ͑x , y , z͒ using the 3D-FFT, and ͑5͒ steps ͑3͒ and ͑4͒ are repeated until the input and output functions for w iS ͑x , y , z͒ become identical within convergence tolerance. On grid points where a solvent particle and the solute overlap, exp͕−u iS ͑x , y , z͒ / ͑k B T͖͒ is zero. On those where a solvent particle is in contact with the solute, it is set at 0.5, and otherwise it is unity. The grid spacing ͑⌬x, ⌬y, and ⌬z͒ is set at 0.1d S , and the grid resolution ͑N x ϫ N y ϫ N z ͒ is 1024 ϫ 512ϫ 512. It has been verified that the spacing is sufficiently small and the box size ͑N x ⌬x , N y ⌬y , N z ⌬z͒ is large enough for the correlation functions at the box surfaces to be essentially zero. 30, 47 We consider solutes 1 and 2. Solute 1 is a large body, the filament illustrated in Fig. 4͑a͒ or Fig. 4͑b͒ . Solute 2 is a large sphere with diameter d B . First, the solute 1-solvent correlation functions ͓the Fourier transform of the direct correlation function is denoted by C 1S ͑k x , k y , k z ͔͒ are calculated by following the procedure described above ͑i =1͒. Second, the solute 2-solvent correlation functions ͓the Fourier transform of the total correlation function is denoted by H 2S ͑k͔͒ are calculated using the radial-symmetric HNC theory for spherical particles. The entropic potential between solutes 1 and 2 is described by the potential of mean force by assuming that the solvent particles are always in equilibrium with each configuration of the two solutes. This assumption is justified because in the real system the hydration structure steadies in picoseconds, while the movement of myosin occurs in milliseconds. 15 Hereafter, solutes 1 and 2 are referred to as "filament" and "large solute," respectively.
The potential of mean force between the two solutes ⌽ 12 ͑x , y , z͒ are then obtained from where w 12 ͑x , y , z͒ is calculated by inverting W 12 ͑k x , k y , k z ͒ given by
The values of ⌽ 12 which are not on the grid points are estimated using the linear interpolation. The physical meaning of ⌽ 12 ͑x , y , z͒ can be understood from 
͑6͒
Here, the x-, y-, and z-axes are taken and the origin of the coordinate system is chosen as illustrated in Fig. 4͑a͒ or Fig.  4͑b͒ , F͑x , y , z͒ is the free energy of the solvent in the case where the large solute is at the position ͑x , y , z͒, and g 12 ͑x , y , z͒ the pair distribution function. Due to the hard-body models, all the accessible system configurations share the same energy and the behavior of ⌽ 12 ͑x , y , z͒ is purely entropic in origin. Hereafter, ⌽ 12 ͑x , y , z͒ is referred to as the entropic potential. −‫ץ‬⌽ 12 ͑x , y , z͒ / ‫ץ‬x, for example, represents the entropic force in the x-direction. A great advantage of the 3D integral equation theory is that the spatial distribution of ⌽ 12 is obtained from only a single calculation, 24, 30 which is in marked contrast with the usual computer simulation.
IV. RESULTS AND DISCUSSION
A. Entropic potential formed in model 1
The large solute considered in this section is spherical. The distribution of the entropic potential on the cross section expressed by z = 0 is shown in Fig. 5 . It is apparent that the solute is strongly confined within a narrow space in contact with the filament. There are routes through which the solute can come in contact with the filament from the bulk ͑e.g., the route indicated by the broken line with the highest free- energy barrier of ϳ1.3k B T͒. However, once the solute enters the narrow space, it cannot be released to the bulk because the barrier in the opposite direction is much higher. Figure 6 shows the potential curve formed for the large solute along the trajectory where it is always in contact with the filament. There are locations with sharply, deep local potential minima where the solute is in contact with two unit spheres of the filament. The distance between two adjacent locations equals the unit-sphere diameter d G . The solute is trapped on these locations and can hardly move. Hence, the locations can be identified as the rigor binding sites for myosin on F-actin. When the solute is entropically bound to a rigor binding site, the free energy of the solvent decreases to a large extent ͑by ϳ8.1k B T͒.
The distribution of the entropic potential on the cross section expressed by x = 0 is shown in Fig. 7 . There is a spherical shell within which the potential is negative and quite large, and the large solute can freely rotate around the long axis. Namely, the deep local potential minima mentioned above form a ringlike domain. Again, it is observed that the solute cannot escape from the narrow space in contact with the filament due to a high free-energy barrier.
B. Entropic potential formed in model 2
The large solute considered in this section is spherical. The distribution of the entropic potential on the cross section expressed by z = 0 is shown in Fig. 8 . Although the distribution is more complicated than that in Fig. 5 , it exhibits qualitatively the same feature: The solute is strongly confined within a narrow space in contact with the filament. There are routes through which the solute can come in contact with the filament from the bulk ͑e.g., the routes indicated by the broken line and by the dotted line with the highest free-energy barriers of ϳ1.0k B T and ϳ1.3k B T, respectively͒. Model 2 provides more such routes than model 1. However, once the solute enters the narrow space, it cannot be released to the bulk because the barrier in the opposite direction is much higher. Figure 9 shows the potential curve formed for the large solute along the trajectory where it is always in contact with a set of connected unit spheres in harmony with the helical 
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structure. There are the locations with sharply deep local potential minima where the solute is in contact with two unit spheres of the filament. The distance between two adjacent locations is equal to the unit-sphere diameter d G , although along the x-axis it is slightly smaller than d G . The large solute is trapped on the locations and can hardly move. The locations can be identified as the rigor binding sites for myosin on F-actin. Figure 10 shows the distributions of the entropic potential on the cross sections expressed by x = 1.2d S ͓see Fig.  4͑b͔͒ . The large solute cannot rotate around the long axis due to the presence of high free-energy barriers. For example, the barrier of ϳ5.5k B T ͑this is the highest one͒ must be overcome for the route indicated by the solid line. Thus, the deep, local potential minima mentioned above form a pointlike domain. This is a clear difference between the results from models 1 and 2. Again, it is observed that the solute can come in contact with the filament from the bulk, for example, through the route indicated by the broken line whose highest barrier is ϳ1.3k B T ͑we note that the barrier in the opposite direction is much higher͒.
C. Effect of geometric features of large solute
On the basis of the results from models 1 and 2, we can conclude that the double helical structure of F-actin plays significant roles: There are more routes through which the solute can come in contact with the filament from the bulk, and the large solute cannot rotate around the long axis. However, curve 1 shown in Fig. 3 and the curves plotted in Figs. 6 and 9 share qualitatively the same characteristics: They are periodic and possess the sharp valleys with deep local potential minima on which the large solute is trapped. The basic characteristics of curve 1 have qualitatively been reproduced by our model calculations based on statistical mechanics. The remaining problem is the qualitative reproduction of curve 2.
As described in Sec. II, the essential characteristics required for curve 2 are the sufficiently high asymmetry for each period and smaller amplitudes in comparison to those of curve 1. A question then arises: How is the change from curve 1 to curve 2 provided? It is definite that the potential curve becomes asymmetrical for each period when the large solute and/or the unit sphere in the filament have aspherical shape. In the case of actomyosin, the large solute and the filament correspond to myosin and F-actin, respectively. In the present version of our physical picture, the shape of G-actin ͑the unit sphere in the filament͒ is assumed to remain virtually unchanged upon the ATP binding to myosin, and the change in the shape of myosin near the myosin/F-actin interface is the most important factor featuring curve 2. It is experimentally known that myosin with the ATP or ADP+ Pi binding in states 2 and 3 has a cleft near the myosin/F-actin interface 5, 6, 57, 58 ͑this cleft is closed in myosin without the binding in states 1, 4, and 5͒.
Here we present results of simple example calculations. With model 1 for the filament, two large aspherical solutes ͑solutes A and B͒ are considered as illustrated in Fig. 11 . Solute A is symmetrical about the y-axis while solute B is asymmetrical. Each of the solutes has a cleft near the solutefilament interface, which is based on the experimental evidence 5,6,57,58 mentioned above. As observed in Fig. 11͑c͒ , when either of them contacts the filament, the decrease in the total excluded volume is smaller than in the case of the spherical large solute. That is, myosin is bound to F-actin only weakly. When the solute is aspherical, the calculation procedure for the entropic potential is more complex as explained in our earlier publication. 44 The orientation of the solute is fixed for simplification ͓see Fig. 11͑c͔͒ . Figure 12 solute, the potential curve for one period is still symmetrical, but the amplitudes are smaller in comparison to those for the spherical solute. For the asymmetrical solute, the potential curve for one period is also asymmetrical, and the amplitudes are smaller in comparison to those for the spherical solute. The basic characteristics of curve 2 are qualitatively reproduced in Fig. 12͑b͒ . In the real system, F-actin and myosin possess the polyatomic structures. When myosin is strongly bound to a rigor binding site of F-actin, their interface should be tightly packed. When ATP is bound to myosin, the structure of myosin undergoes a large change. As a result, the tight packing of the interfaces is lost, giving rise to the cleft. When the tight packing of myosin and ATP occurs, the packing of myosin and F-actin is inevitably loosened. The former should be more important for increasing the water entropy.
V. CONCLUDING REMARKS
We have described a new progress toward elucidating the mechanism of the unidirectional movement of a linearmotor protein along a filament by considering actomyosin as an example system. The new idea introduced is that, thanks to the entropic effect arising from the translational displacement of water molecules, the protein is confined within a narrow space in contact with the filament and the movement of the protein can be controlled by adjusting its geometric features. On the basis of the experimental observations known for a single myosin head ͑myosin subfragment 1: S1͒ and F-actin, 8, 10, 4, 11, 12 as well as the results of the present theoretical analyses, we have proposed the physical picture illustrated in Fig. 3 as the first step: The entropic potential field for the protein without the ATP or ADP+ Pi binding to it is judiciously different from that for the protein with the binding, and the directed movement is realized by repeated switches from one of the fields to the other. This unidirectional property should be enhanced if we account for the following: ͑i͒ Myosin with the ATP binding in state 2, myosin with the ADP+ Pi binding in state 3, and myosin with the ADP binding in state 4 ͑see Fig. 2͒ are more or less different in terms of geometric features; 5,6,57,58 ͑ii͒ the gradual change in geometric features of myosin and the portion of F-actin near myosin, shift of the entropic force acting on myosin, and movement of myosin are strongly coupled.
The qualitative aspects of curve 1 in Fig. 3 have been reproduced using the 3D integral equation theory combined with hard-body models. Myosin is strongly confined within a narrow space in contact with F-actin. Locations with sharply deep local potential minima, which correspond to the rigor binding sites for myosin on F-actin, are entropically formed. The minima occur when myosin is in contact with two G-actin molecules of the filament. Therefore, the distance between two adjacent rigor binding sites is equal to the size of G-actin. This result is in agreement with the experimental data. 8, 10, 4, 11, 12, 60 The double helical structure of the filament considered in model 2 plays the following roles: There are more routes through which the solute can come in contact with the filament from the bulk, and the large solute cannot rotate around the long axis.
The physical factors causing the change in the entropic potential field from curve 1 to curve 2 in Fig. 3 have been argued with simple example calculations using the 3D integral equation theory. The potential curve formed for a large solute along a filament becomes asymmetrical when the asphericity is given to the solute shape. ͑In the real system myosin without the nucleotide binding is also aspherical, 5, 6, 57, 58 giving rise to asymmetry of curve 1. However, as explained in Sec. II B, it is not important whether curve 1 is asymmetrical or not.͒ Upon the ATP binding to myosin, the overall shape of myosin becomes highly aspherical and at the same time a cleft is formed near the myosin/ F-actin interface. Due to the cleft, the decrease in the total excluded volume for water molecules upon the contact of myosin to F-actin becomes smaller, leading to smaller differences between the potential minimum and maximum. In this way the potential curve possesses high asymmetry and smaller amplitudes for each period as curve 2.
The unidirectional movement in the real system could be accomplished by the interplay of multiple physical factors including previously suggested ones. To the best of our knowledge, this is the first time that the water-entropy effect is pointed out as an imperative factor missing in earlier works. Our concept is consistent with the experimental evidence that the binding of myosin to F-actin is entropically driven. [21] [22] [23] Further, an experimental measurement 23 has shown that the entropic gain upon the binding of myosin without the nucleotide to F-actin is as large as that upon the binding of myosin with ADP and much larger than that upon the binding of myosin with ATP. This is also in complete accord with curves 1 and 2 illustrated in Fig. 3 .
In the real system, d B / d S and d G / d S are much larger than 5, the value considered in the present calculations. We note that the water-entropy effect becomes stronger with increasing d B / d S and/or d G / d S . The electrostatic interaction, which would be significantly strong in pure water, is largely screened by the counterions in aqueous solution under the physiological condition containing ϳ0.15M NaCl. 25 As a consequence, the water-entropy effect is expected to be dominantly large in comparison with the other effects. We have succeeded in elucidating the microscopic mechanisms of protein folding, 25 
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and cold 26, 66, 67 denaturating of proteins, and pressureinduced coil-helix transition of an alanine-based peptide 68 using our theoretical method wherein the water-entropy effect is treated as the key factor. The conventional view looking at only the water in the close vicinity of the protein surface is not capable of providing the success.
Our concept is consistent with the experimental result that the binding of myosin to F-actin is substantially weakened at low temperatures. 23 The reason is the following. We have recently elucidated the mechanism of cold denaturation of a protein. 26, 66, 67 Upon protein folding, the total volume available to the translational displacement of water molecules becomes larger, leading to an increase in the number of accessible configurations of water and the water entropy. This effect driving a protein to fold has been shown to become considerably less powerful at low temperatures, causing the denaturation. Likewise, upon the binding of myosin to F-actin, the total volume available to the translational displacement of water molecules becomes larger, leading to an increase in the water entropy. As in the case of cold denaturation, the effect driving myosin to bind to F-actin becomes considerably less powerful at low temperatures, which weakens the binding.
It is often emphasized that the electrostatic attractive interaction plays an essential role in the binding of myosin to F-actin. 16, 20 However, before the binding the charged groups of myosin and of F-actin are stabilized in water by the electrostatic attractive interactions with water molecules. Such stabilization is lost upon the binding. This loss, which is usually referred to as the dehydration penalty, can be even larger. In fact, it is experimentally known that the binding accompanies a positive change in enthalpy. [21] [22] [23] The polyatomic structures of myosin and F-actin are not taken into consideration in the present study. Nevertheless, a significant amount of interesting information is revealed using the 3D integral equation theory combined with simple models focusing the overall shapes alone: The present study sheds new light on the mechanism of the unidirectional movement of a linear-motor protein along a filament. In the near future, we intend to move on the analyses pursuing the issue described in Sec. II C, accounting for the polyatomic structures of myosin and F-actin, and allowing myosin to change its orientation when the potential curve is drawn. In such studies treating myosin and F-actin with polyatomic structures and realistic sizes, our hybrid 34, 35, 49, 53, [64] [65] [66] [67] [68] [69] [70] of the integral equation theory and the morphometric approach 71, 72 is expectedly a practical tool. The effects of the enthalpic component of the solvation of solutes are also to be examined.
